Introduction {#sec1}
============

Hepatocellular carcinoma (HCC) is the fifth most prevalent cancer worldwide, with an increasing morbidity rate.[@bib1] Despite recent therapeutic advances in HCC prevention, including surgical techniques and medical therapy, the prognosis of patients with HCC remains poor; moreover, approximately 600,000 patients with HCC die each year.[@bib2] Therefore, determination of the molecular mechanisms underlying HCC occurrence and progression is important to identify novel diagnostic and therapeutic markers for developing HCC treatment.

The human transcriptome comprises many types of RNAs, including protein-coding mRNAs and noncoding RNAs (ncRNAs).[@bib3] Intensive investigations over the last few decades have focused on the role of protein-coding genes in the pathogenesis of HCC. MicroRNAs (miRNAs) are a class of small ncRNAs that induce mRNA degradation or inhibit mRNA translation by binding to the 3ʹ UTR of mRNAs. NcRNAs containing more than 200 nucleotides are called long ncRNAs (lncRNAs).[@bib4], [@bib5] Previous studies have shown that miRNAs play important roles in the regulation of cell proliferation, differentiation, invasion, and metabolism.[@bib6] Evidences obtained thus far indicate that lncRNAs perform multiple physiological and pathological biological functions.[@bib7] Aberrant lncRNA expression is observed in many cancers, including lung cancer, gastric cancer, colon cancer, and HCC.[@bib8], [@bib9], [@bib10] LncRNAs perform their functions through various mechanisms, including epigenetic silencing, lncRNA-miRNA interaction, lncRNA-protein interaction, and lncRNA-mRNA interaction.[@bib11] For example, lncTCF7, which is highly expressed in HCC and liver cancer stem cells (CSCs), promotes CSC self-renewal and HCC progression by interacting with the switching/sucrose non-fermenting (SWI/SNF) complex and by activating the WNT pathway.[@bib12] LncRNA-ATB, an important regulator of the invasion-metastasis cascade, promotes cell invasion by acting as a competing endogenous RNA (ceRNA) of ZEB and facilitates the colonization of disseminated HCC cells in distant organs by binding to interleukin-11 (IL-11) mRNA.[@bib13] Although several lncRNAs have been annotated, the association of most lncRNAs with HCC development and progression remains unclear.

In the present study, we identified a novel lncRNA termed HCC-associated lncRNA (HCAL; gene symbol, RP11-21I10.2) in HCC. We found that HCAL was overexpressed in HCC tissues, and its expression was correlated with the poor prognosis of patients with HCC. Results of *in vivo* and *in vitro* assays showed that HCAL plays an oncogenic role in regulating the malignant phenotypes of HCC cells, including proliferation, apoptosis, migration, and invasion. Additional mechanistic investigations showed that HCAL functions as a ceRNA to regulate LAPTM4B expression by competitively binding to common miRNAs, such as miR-15a, miR-196a, and miR-196b.

Results {#sec2}
=======

LncRNA Expression Profiles in HCC {#sec2.1}
---------------------------------

To identify differentially expressed lncRNAs in HCC, we examined lncRNA and mRNA expression in six pairs of HCC and corresponding peritumor tissues by performing microarray analysis. Microarray analysis identified 2,665 and 3,885 lncRNAs and mRNAs, respectively, that were significantly differentially expressed in HCC tissues (fold change \>2, p \< 0.05) compared with those in corresponding peritumor tissues ([Figures 1](#fig1){ref-type="fig"}A and [S1](#mmc1){ref-type="supplementary-material"}). Results of microarray analysis were validated by analyzing the expression of five random differentially expressed lncRNAs by performing qPCR in 66 pairs of HCC and corresponding peritumor tissues ([Figure 1](#fig1){ref-type="fig"}B). We observed that the expression of lncRNAs uc.197, RP11-172E9.2, and LINC00598 was downregulated, and the expression of lncRNAs LOC100128098 and RP11-150012.3 was upregulated in HCC tissues. Thus, our results indicate that the phenotypic shift from the normal state to malignant transformation is reflected in not only the expression of protein-coding genes, but also by relative large amount of lncRNAs in HCC.Figure 1Expression Profiles of lncRNA in HCC(A) Hierarchical clustering analysis of differentially expressed lncRNAs (fold change \> 2; p \< 0.05) between HCC and paired peritumor tissue samples obtained from six patients with HCC. (B) Differential expression of five randomly selected lncRNAs was validated in 66 HCC and corresponding peritumor tissues by performing qPCR. Horizontal line indicates the mean of indicated lncRNA expression level; \*p \< 0.05 and \*\*\*p \< 0.001 (paired Student's t test).

A Novel lncRNA, HCAL, Is Overexpressed in HCC Tissues and Is Clinically Correlated with Poor Prognosis of Patients with HCC {#sec2.2}
---------------------------------------------------------------------------------------------------------------------------

We used gene coexpression networks to identify interactions among different transcripts. Because coexpression modules may correspond to biological pathways,[@bib14] we focused on coexpression modules that have a high rate of protein-coding RNAs in the HCC coexpression. HCAL was screened out by this way. In the coexpression network, HCAL was associated with many protein-coding genes involved in tumor progression, such as *STMN1*, *FOS*, and *IL-3* ([Figure S2](#mmc1){ref-type="supplementary-material"}). The gene encoding HCAL is located on chromosome 4 (119990479--119991452 \[−\] strand) between two protein-coding genes, namely, *SYNPO2* and *MYOZ*. We examined HCAL expression in 84 pairs of HCC and corresponding peritumor tissues by performing qPCR ([Figure 2](#fig2){ref-type="fig"}A). HCAL expression was significantly upregulated in HCC tissues compared with that in the matched peritumor tissues. We also detected HCAL expression in immortalized normal liver cells (LO2) and seven HCC cell lines, namely, HepG2, PLC/PRF/5, SK-Hep-1, Huh-7, SMMC-7721, MHCC-97h, and HCC-LM3 ([Figure 2](#fig2){ref-type="fig"}B). We observed that all the HCC cell lines showed higher HCAL expression than LO2 cells.Figure 2HCAL Is Overexpressed in HCC and Is Clinically Correlated with the Poor Prognosis of Patients with HCC(A) HCAL expression in 84 pairs of HCC and corresponding peritumor tissues was analyzed by performing qPCR. \*\*\*p \< 0.001 (paired Student's t test). (B) HCAL expression in the immortalized normal liver cells (LO2 cells) and seven HCC cell lines was analyzed by performing qPCR. LO2 cells were used as controls. \*p \< 0.05 (Student's t test). (C and D) Kaplan-Meier survival curves and log rank tests were used to evaluate the association of HCAL expression with (C) recurrence-free and (D) overall survival of patients with HCC. The patients were divided into high- and low-HCAL groups based on median HCAL expression in HCC tissues.

Next, we investigated the clinical significance of HCAL expression in patients with HCC. HCAL overexpression was more frequently observed in HCC tissues obtained from patients showing low-level tumor differentiation and intravascular cancer embolus than in HCC tissues obtained from patients showing high-level tumor differentiation and no intravascular cancer embolus. However, no significant correlation was observed between HCAL expression and the surface antigen of the hepatitis B virus (HBsAg) and serum alpha fetoprotein (AFP) levels, tumor size, liver cirrhosis, or portal vein tumor thrombus (PVTT) ([Table 1](#tbl1){ref-type="table"}). Female patients showed lower HCAL expression levels than male patients. Furthermore, the duration of recurrence-free and overall survival was shorter in patients with HCC showing high HCAL expression than in patients showing low HCAL expression ([Figures 2](#fig2){ref-type="fig"}C and 2D). Together, these results indicate that HCAL is overexpressed in HCC and that HCAL expression is correlated with HCC progression.Table 1Correlation Analysis between HCAL Expression and Clinicopathological Features of Patients with HCCClinicopathological VariablesHCAL Expressionp ValueLowHighGenderMale29370.033Female135HBsAgPresent39340.106Absent38Serum AFP (IU)\<40019140.264\>4002328Tumor Size\<5 cm19140.264≥5 cm2328Liver CirrhosisPresent23240.826Absent1918Tumor DifferentiationLow5170.01Intermediate3424High31Intravascular Cancer EmbolusAbsent25150.029Present1727PVTTPresent39400.645Absent32[^1]

HCAL Regulates HCC Cell Proliferation, Apoptosis, Migration, and Invasion Both *In Vitro* and *In Vivo* {#sec2.3}
-------------------------------------------------------------------------------------------------------

Analysis of the sequences using the ORF Finder available on the NCBI website could not predict a protein containing \>92 amino acids ([Figure S3](#mmc1){ref-type="supplementary-material"}A). Moreover, we confirmed that HCAL did not have any protein-coding capacity ([Figure S3](#mmc1){ref-type="supplementary-material"}B).

We observed that HCAL was more obviously overexpressed in the seven HCC cell lines, especially in SMMC-7721 and MHCC-97h cells, than in LO2 cells ([Figure 2](#fig2){ref-type="fig"}B). Therefore, we selected SMMC-7721 and MHCC-97h cells as representative HCC cells for performing subsequent experiments. We developed stable HCAL-knockdown SMMC-7721 and MHCC-97h cells. To eliminate off-target effects, we designed two independent short hairpin RNAs (shRNAs) against HCAL (HCAL shRNA1 and shRNA2). Both the shRNAs significantly reduced HCAL transcription ([Figure 3](#fig3){ref-type="fig"}A). To assess the potential effects of HCAL silencing on cell proliferation, we performed Cell Counting Kit-8 (CCK-8) and colony formation assays. HCAL knockdown significantly decreased the proliferation of HCC cells ([Figures 3](#fig3){ref-type="fig"}B and 3C). To determine mechanisms underlying the HCAL-induced increase in HCC cell proliferation, we determined the effect of HCAL silencing on cell cycle distribution by performing flow cytometry. The results show that HCAL depletion did not affect cell cycle progression or expression of cell cycle checkpoint proteins, including CDK4 and CDK6 ([Figures S3](#mmc1){ref-type="supplementary-material"}C and S3D).Figure 3HCAL Regulates HCC Cell Proliferation, Apoptosis, Migration, and Invasion *In Vitro* and *In Vivo*(A) Relative HCAL expression in SMMC-7721 and MHCC-97h cells transduced with lentiviruses expressing control shRNA (Con), HCAL shRNA1 (sh1), or shRNA2 (sh2) was determined by performing qPCR. (B) Proliferation of control and HCAL-knockdown cells was assessed by performing the CCK-8 assay. HCAL knockdown suppressed the proliferation of SMMC-7721 and MHCC-97h cells. (C) Colony-formation assays were performed using control and HCAL-knockdown cells. Left, crystal violet staining; right, number of colonies from three independent experiments. (D) HCAL-knockdown cells were treated with 5-fluorouracil (100 mg/mL) for 48 hr, stained with annexin V and PI, and analyzed by flow cytometry. Annexin V-positive cells were designated as apoptotic cells. Percentage of apoptotic cells is shown. (E) Cleaved PARP1 and caspase-3 levels after HCAL silencing were determined by performing western blot analysis. (F) Left, representative images of the migration and invasion of SMMC-7721 and MHCC-97h cells expressing control and HCAL shRNAs. Right, statistical results obtained from three independent experiments. (G) Effects of HCAL knockdown on HCC growth *in vivo*. Upper panel, representative images of tumors formed in nude mice subcutaneously injected with HCAL-knockdown SMMC-7721 cells; lower panel, tumor growth curves measured after injecting SMMC7721 cells expressing control and HCAL shRNAs. (H) Representative images of pulmonary and intrahepatic metastases in nude mice subcutaneously injected with control and HCAL-knockdown SMMC-7721 cells obtained by performing HE staining. Data are expressed as mean ± SD; \*p \< 0.05.

Because HCAL exerted an oncogenic effect in HCC cells, we speculated that HCAL was critical for cell apoptosis. To test this hypothesis, we analyzed the apoptosis of HCC cells treated with 5-fluorouracil by performing flow cytometry with annexin V and propidium iodide (PI) staining. Results of flow cytometry showed that HCAL knockdown increased the percentage of annexin V-positive cells in both SMMC-7721 and MHCC-97H cells compared with control cells ([Figure 3](#fig3){ref-type="fig"}D). Moreover, HCAL knockdown increased the levels of apoptosis markers, including cleaved PARP1 and cleaved caspase-3, in SMMC-7721 and MHCC-97H cells, which was consistent with the results of flow cytometry ([Figure 3](#fig3){ref-type="fig"}E). Collectively, these results indicate that HCAL affects HCC cell proliferation and apoptosis.

Next, we investigated the role of HCAL in HCC cell migration and invasion. As shown in [Figure 3](#fig3){ref-type="fig"}F, HCAL knockdown markedly suppressed the migration and invasion of SMMC-7721 and MHCC-97h cells.

Based on this observation, we determined the effects of HCAL on HCC growth and metastasis *in vivo*. We used a xenograft mouse model that was generated by subcutaneously injecting control and HCAL-knockdown SMMC-7721 cells into nude mice. Xenografted tumors derived from HCAL-knockdown SMMC-7721 cells had smaller volumes and grew slower than tumors derived from control cells ([Figure 3](#fig3){ref-type="fig"}G). Mice injected with HCAL-knockdown cells showed decreased intrahepatic and pulmonary metastases compared with mice injected with control cells, which was further confirmed by performing histological analysis ([Figures 3](#fig3){ref-type="fig"}H and [S3](#mmc1){ref-type="supplementary-material"}E). Together, the results of *in vitro* and *in vivo* assays indicate that HCAL affects the proliferation, apoptosis, migration, and invasion of HCC cells.

*LAPTM4B* Is the Target Gene of HCAL {#sec2.4}
------------------------------------

LncRNAs act in *cis* or *trans* to regulate the expression of neighboring genes.[@bib15] We examined whether HCAL affected the expression of its neighboring genes *SYNPO2* and *MYOZ*. We observed that HCAL knockdown did not affect the transcription of *SYNPO2* or *MYOZ* ([Figure S4](#mmc1){ref-type="supplementary-material"}A). Previous studies have reported that approximately 20% of lncRNAs physically interact with polycomb repressive complex 2 (PRC2) to regulate the expression of their target genes.[@bib16] We performed an RNA immunoprecipitation (RIP) assay with anti-EZH2 (an important subunit of PRC2) antibody using nuclear extracts of SMMC-7721 and MHCC-97h cells. Interestingly, HCAL was significantly enriched by the EZH2 antibody, compared with the nonspecific immunoglobulin G (IgG) control antibody ([Figure S4](#mmc1){ref-type="supplementary-material"}B), suggesting that HCAL regulated gene expression by interacting with EZH2.

We performed transcriptome-sequencing analysis of HCAL-knockdown SMMC-7721 cells to determine the target genes of HCAL. HCAL knockdown resulted in the differential expression of 204 genes (fold change \> 2; p \< 0.05; [Figure 4](#fig4){ref-type="fig"}A). Next, we performed Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of the differentially expressed genes to identify key pathways affected by HCAL-mediated transcriptional regulation. HCAL regulated several genes associated with important cancer-related signaling pathways, including the p53, cancer, MAPK, and TGF-beta pathways ([Figure 4](#fig4){ref-type="fig"}B).Figure 4*LAPTM4B* Is the Target Gene of HCAL(A) Expression heatmap of transcripts regulated by HCAL (fold change \> 2; p \< 0.05). Red and blue indicate upregulation and downregulation, respectively. (B) The top 10 pathways affected by HCAL downregulation according to the KEGG analysis. (C) Relative *LAPTM4B* mRNA expression in control and HCAL-knockdown cells was determined by performing qPCR. (D) Left, LAPTM4B protein levels in control and HCAL-knockdown cells were determined by performing western blotting. Right, quantification of LAPTM4B protein levels. (E) LAPTM4B mRNA expression in the xenografts of nude mice injected with HCAL-knockdown cells analyzed by qPCR. (F) Left, LAPTM4B protein levels in the xenografts of nude mice injected with HCAL-knockdown cells was analyzed by performing western blotting. Right, quantification of LAPTM4B protein levels. (G) Relative luciferase activity of *LAPTM4B* 3′ UTR in control and HCAL-knockdown SMMC-7721 cells. Data are presented as the relative ratio of firefly luciferase activity to *Renilla* luciferase activity. (H) Stability of *LAPTM4B* and *ACTB* mRNA over time was measured by performing qPCR relative to time 0 after blocking new RNA synthesis with α-amanitin (50 mM) in SMMC-7721 cells expressing control and HCAL shRNAs and was normalized to that of 18S rRNA (a product of RNA polymerase I that is unaffected by α-amanitin). (I) LAPTM4B expression in 84 pairs of HCC and corresponding peritumor tissues was analyzed by qPCR. (J) Correlation between HCAL and *LAPTM4B* mRNA levels in the same set of 84 HCC tissues was determined using Pearson's correlation analysis. Data are expressed as mean ± SD; \*p \< 0.05 and \*\*\*p \< 0.001.

Emerging evidences indicate that many transcripts function as ceRNAs by competitively binding to common miRNAs.[@bib13], [@bib17] To examine whether HCAL performed a similar role in HCC, we performed a ceRNA prediction using a bioinformatics method ([Table S2](#mmc2){ref-type="supplementary-material"}). Among the predicted mRNAs, we focused on *LAPTM4B* mRNA because of its oncogenic activity in various cancers.[@bib18] The HCAL sequence showed 96% similarity to the *LAPTM4B* 3′ UTR sequence, strongly suggesting that HCAL functioned as a ceRNA of *LAPTM4B* ([Figure S4](#mmc1){ref-type="supplementary-material"}C). We examined changes in *LAPTM4B* mRNA and protein expression in HCAL-knockdown cells and found that HCAL knockdown significantly suppressed both the mRNA and protein expression of LAPTM4B ([Figures 4](#fig4){ref-type="fig"}C and 4D). Moreover, xenografts of nude mice injected with HCAL-knockdown cells showed lower LAPTM4B expression than xenografts of nude mice injected with control cells ([Figures 4](#fig4){ref-type="fig"}E and 4F). We also examined the luciferase reporter activity of the *LAPTM4B* 3′ UTR in HCAL-knockdown SMMC-7721 cells. HCAL depletion significantly reduced the luciferase activity of the *LAPTM4B* 3′ UTR ([Figure 4](#fig4){ref-type="fig"}G). To examine whether HCAL regulated the stability of *LAPTM4B* mRNA, we treated control and HCAL-knockdown SMMC-7721 cells with α-amanitin to block new RNA synthesis and measured the decrease in the mRNA expression of LAPTM4B, ACTB, and 18S rRNA over a 24-hr period. We observed that HCAL downregulation markedly shortened the half-life of LAPTM4B mRNA ([Figure 4](#fig4){ref-type="fig"}H).

To determine the pathological correlation between HCAL and LAPTM4B expression in human HCC samples, we measured *LAPTM4B* mRNA level in the same 84 pairs of HCC and corresponding peritumor tissues by performing qPCR. *LAPTM4B* mRNA expression was significantly upregulated in HCC tissues compared with that in corresponding peritumor tissues ([Figure 4](#fig4){ref-type="fig"}I). In addition, results of qPCR showed a positive correlation between HCAL and *LAPTM4B* mRNA expression in the 84 HCC tissues (r = 0.4724, p \< 0.0001; [Figure 4](#fig4){ref-type="fig"}J). Together, these results indicate that *LAPTM4B* is the target gene of HCAL.

HCAL Regulates LAPTM4B Expression by Competitively Binding to Common miRNAs {#sec2.5}
---------------------------------------------------------------------------

To further confirm the exact mechanisms through which HCAL regulated LAPTM4B expression, we identified miRNAs that potentially interacted with HCAL by using the TargetScan prediction algorithm ([Table S3](#mmc3){ref-type="supplementary-material"}). Direct interaction between miRNAs and HCAL was validated by performing RIP assays ([Figure 5](#fig5){ref-type="fig"}A). We detected 25 miRNAs involved in HCC tumorigenesis and progression by performing qPCR. HCAL immunoprecipitates obtained from SMMC-7721 cells were significantly enriched with six miRNAs, namely, miR-15a, miR-155, miR-196b, miR-196a, miR-300, and miR-135a, compared with those obtained from cells transfected with an empty vector (MS2) and treated with control IgG ([Figure 5](#fig5){ref-type="fig"}B). For further confirmation, we constructed a luciferase reporter vector containing HCAL and found that ectopic expression of the above six miRNAs dramatically decreased the luciferase activity of the HCAL reporter vector ([Figure 5](#fig5){ref-type="fig"}C). However, these miRNAs did not affect HCAL expression ([Figure 5](#fig5){ref-type="fig"}D). In addition, we performed anti-AGO2 RIP in SMMC-7721 cells transiently overexpressing these miRNAs. HCAL was significantly pulled down by AGO2 antibodies in SMMC-7721 cells overexpressing the specified miRNAs ([Figure 5](#fig5){ref-type="fig"}E). Together, these results indicate that these miRNAs interact with HCAL but do not lead to degradation.Figure 5HCAL Regulates LAPTM4B Expression by Competitively Binding to Common miRNAs(A) Schematic representation of an RNA immunoprecipitation assay. (B) MS2-RIP followed by miRNA qPCR to detect endogenous miRNAs associated with HCAL. (C) Relative luciferase activity in SMMC-7721 cells cotransfected with the indicated miRNAs and luciferase reporter vectors containing HCAL. (D) SMMC-7721 cells were transfected with the indicated miRNAs. After 48 hr, relative expression of HCAL was analyzed by qPCR. (E) RIP assay using anti-AGO2 antibody and qPCR were performed with SMMC-7721 cells transiently overexpressing the indicated miRNAs to detect the association of HCAL with AGO2. (F) Changes in *LAPTM4B* mRNA expression levels in the indicated SMMC-7721 cells. (G) Changes in the luciferase activity of *LAPTM4B* 3′ UTR in the indicated SMMC-7721 cells. Data are presented as the relative ratio of firefly luciferase activity to *Renilla* luciferase activity. Data are expressed as mean ± SD. \*p \< 0.05 and \*\*p \< 0.01.

The TargetScan prediction algorithm indicated that miR-135a, miR-155, and miR-300 could not potentially bind to the *LAPTM4B* 3′ UTR. Moreover, overexpression of miR-135a, miR-155, or miR-300 did not affect LAPTM4B expression or luciferase activity of the vector containing the *LAPTM4B* 3′ UTR ([Figures S5](#mmc1){ref-type="supplementary-material"}A and S5B). Ectopic expression of miR-15a, miR-196a, or miR-196b significantly decreased LAPTM4B expression, while upregulation of HCAL abrogated this suppression ([Figure 5](#fig5){ref-type="fig"}F). To confirm whether this effect was mediated by regulating *LAPTM4B* 3′ UTR activity, we cotransfected SMMC-7721 cells with luciferase vectors containing the *LAPTM4B* 3′ UTR (pmirGLO-LAPTM4B) and overexpressed miR-15a, miR-196a, or miR-196b. Upregulation of any of these three miRNAs decreased the luciferase activity of pmirGLO-LAPTM4B, whereas ectopic expression of HCAL abolished this effect ([Figure 5](#fig5){ref-type="fig"}G). Altogether, these results indicate that HCAL regulates LAPTM4B expression by acting as a ceRNA and by competitively binding to common miRNAs.

HCAL Facilitates HCC Cell Proliferation, Migration, and Invasion by Regulating LAPTM4B {#sec2.6}
--------------------------------------------------------------------------------------

To determine whether HCAL functions upstream of LAPTM4B to regulate the malignant phenotypes of HCC cells, we overexpressed LAPTM4B in HCAL-knockdown SMMC-7721 cells. LAPTM4B overexpression abolished the suppression of HCC cell growth induced by HCAL knockdown ([Figures 6](#fig6){ref-type="fig"}A and 6B). Moreover, LAPTM4B overexpression partially rescued the HCAL knockdown-induced inhibition of cell migration and invasion ([Figures 6](#fig6){ref-type="fig"}C and 6D). These results indicate that HCAL regulates the malignant phenotypes of HCC cells by regulating LAPTM4B expression.Figure 6HCAL Facilitates HCC Cell Proliferation, Migration, and Invasion by Regulating LAPTM4B(A) HCAL-knockdown SMMC-7721 cells were transfected with LAPTM4B. Cell proliferation rates were determined by CCK-8 assay. (B) Colony formation of HCAL-knockdown SMMC-7721 cells transiently overexpressing LAPTM4B. (C) Migration and invasion assays were performed using HCAL-knockdown SMMC-7721 cells transiently overexpressing LAPTM4B. Data are expressed as mean ± SD. \*p \< 0.05.

Discussion {#sec3}
==========

The key finding of the present study is that the expression of the lncRNA HCAL is significantly upregulated in HCC tissues compared with corresponding peritumor tissues. HCAL expression is closely associated with sex, tumor differentiation level, and intravascular cancer embolus. High HCAL expression is a predictor of poor recurrence-free and overall survival. We determined the function of HCAL in HCC cells using loss-of-function approaches. HCAL knockdown inhibited the proliferation, colony formation, migration, and invasion of HCC cells and induced apoptosis. This is the first study to show the clinical and functional significance of HCAL in the malignant progression of HCC. Our results indicate that HCAL functions as an oncogene in HCC and suggest that it can be used as a novel diagnostic and prognostic marker for HCC.

The incidence of HCC is higher in men than in women, with average ratios between 2:1 and 4:1;[@bib1] sex hormones and cytokines are suggested to contribute to this gender disparity. Estrogen and estrogen receptors prevent HCC in women, while androgen and androgen receptors increase the risk of HCC in men.[@bib19] IL-6 is one of the most important cytokines that promotes HCC development in men. IL-6 ablation partially abolishes diethylnitrosamine-induced development of HCC in male mice.[@bib20] In the present study, we observed that HCAL expression was lower in HCC tissues obtained from female patients than in those obtained from male patients, suggesting that HCAL partially contributes to the gender disparity observed in HCC. However, additional studies should be performed to determine whether HCAL function depends on sex hormones.

lncRNAs play critical roles in gene regulation[@bib21] and exert their effects through diverse mechanisms, including transcriptional regulation, epigenetic modification, post-transcriptional regulation, and post-translational modulation.[@bib13], [@bib22], [@bib23], [@bib24] Accumulating evidence indicates that lncRNAs regulate gene expression by functioning as ceRNAs. The lncRNAs act as miRNA sponges or inhibitors to suppress the interactions between miRNAs and target mRNAs,[@bib17], [@bib25] e.g., lncRNA HULC, which is highly upregulated in liver cancer and directly binds to miR-372 to repress its expression and activity. Reduction of miR-372 expression increases the expression of *PRKACB* mRNA, which is a target of miR-372.[@bib26] A recent study showed that HULC functions as a ceRNA to induce epithelial-mesenchymal transition (EMT) by sponging miR-200a and subsequently upregulating ZEB1 expression.[@bib27] The present study provides additional evidence that lncRNAs function as miRNA sponges, indicating that mRNA post-transcriptional regulation contributes to HCC pathogenesis and suggesting that the lncRNA-miRNA-mRNA regulatory network is critical for HCC tumorigenesis and progression.

We selected *LAPTM4B* mRNA because of its oncogenic activity in various cancers. LAPTM4B is highly expressed in various solid tumors and may be a marker of poor prognosis. LAPTM4B plays an important role in promoting tumor cell proliferation, migration, and invasion; autophagy initiation; and apoptosis suppression in different cancers, including HCC.[@bib28], [@bib29], [@bib30] However, limited information is available on the regulatory mechanism underlying LAPTM4B expression. To our knowledge, this is the first study to show that HCAL regulates LAPTM4B expression by functioning as a ceRNA. Our data showed that HCAL downregulation significantly suppressed the expression and stability of *LAPTM4B* mRNA and decreased the luciferase activity of the *LAPTM4B* 3′ UTR. In addition, we observed a positive correlation between HCAL and LAPTM4B expression in HCC tissues, confirming the regulatory association between HCAL and LAPTM4B expression. Because LAPTM4B is upregulated in other cancers such as breast cancer, glioblastoma, and lung cancer,[@bib31], [@bib32], [@bib33] we speculated that HCAL functioned upstream of LATPM4B in these cancers. Results of RIP and luciferase assays showed that HCAL directly interacted with miRNAs. Overexpression of miR-15a, miR-196a, or miR-196b inhibited LAPTM4B expression and the luciferase activity of the *LAPTM4B* 3′ UTR, and restoration of HCAL expression reversed this inhibition. Finally, we demonstrated that HCAL functioned upstream of LAPTM4B to regulate the malignant phenotypes of HCC cells. However, LATPM4B expression could not completely rescue the suppression of cell migration and invasion induced by HCAL knockdown, suggesting the involvement of other mechanisms in the HCAL-induced malignant phenotypes. Results of ceRNA prediction analysis suggested that HCAL acts as ceRNA of other transcripts. Moreover, results of the RIP assay showed a direct interaction between HCAL and EZH2. Together, these results suggest that HCAL affects the malignant phenotypes of HCC cells through diverse mechanisms.

In summary, our results indicate that HCAL is an oncogenic lncRNA that facilitates HCC cell proliferation, migration, and invasion and inhibits HCC cell apoptosis by acting as a ceRNA of LAPTM4B ([Figure 7](#fig7){ref-type="fig"}). Thus, these findings indicate that HCAL is important for HCC progression and suggest that it can be used as a potential therapeutic target for HCC treatment.Figure 7A Schematic Diagram Showing the Role of HCAL in HCC ProgressionHCAL promotes HCC growth and metastasis by competitively binding to miR-15a, miR-196a, or miR-196b and by subsequently increasing LAPTM4B expression.

Materials and Methods {#sec4}
=====================

Cell Culture {#sec4.1}
------------

LO2, HepG2, PLC/PRF/5, SK-Hep-1, Huh-7, and SMMC-7721 cells were obtained from the Cell Bank of Chinese Academy of Sciences, and MHCC-97h and HCC-LM3 cells were obtained from Zhongshan Hospital of Fudan University. The cells were cultured in DMEM (Hyclone) supplemented with 10% fetal bovine serum (FBS; PAN Biotech) at 37°C in 5% CO~2~.

Patients and Tissue Samples {#sec4.2}
---------------------------

The 84 pairs of HCC and corresponding peritumor tissues were collected from patients with HCC who initially underwent hepatectomy without any preoperative treatment at the Zhongshan Hospital of Xiamen University from 2011 to 2013. The procedure for sample collection was approved by the ethics committee of the Zhongshan Hospital of Xiamen University, and written informed consent was obtained from all patients.

RNA Isolation and Real-Time qPCR {#sec4.3}
--------------------------------

Total RNA was isolated by TRIzol reagent (Invitrogen) according to standard protocol. cDNA was synthesized using One-Step gDNA Removal and cDNA Synthesis Kit (Transgen, Beijing, China). Real-time PCR was performed in the Lightcycle Real-Time PCR System (Roche) using FastStart Universal SYBR Green Master (Rox) (Roche). The gene-specific primers are shown in [Table S1](#mmc1){ref-type="supplementary-material"}. ACTB was employed as an endogenous control for mRNA and lncRNA. For miRNA detection, cDNA was synthesized using Mir-X miRNA First-Strand Synthesis kit (Clontech), and real-time qPCR was performed as per the manufacturer's instructions. ACTB was employed as an endogenous control for miRNA. Comparative quantification was determined using the 2^−ΔΔCt^ method.

Coexpression Network {#sec4.4}
--------------------

A coexpression network in HCC samples was constructed to identify interactions among mRNA and lncRNAs, as described previously.[@bib34], [@bib35]

Lentivirus Production and Construction of Stable Cell Lines with HCAL Knockdown {#sec4.5}
-------------------------------------------------------------------------------

Two different shRNAs (shRNA1 and shRNA2) targeting HCAL were inserted into the pLKO.1 plasmid (Addgene). The target sequences of HCAL shRNA1 and shRNA2 are 5′-TCCCTAGGCAGTGAAACATT-3′ and 5′-CCCCAAATCTGATGGATCTT-3′, respectively. Lentiviral and packaging vectors (pMD2.G and psPAX2) were transfected into 293T cells (ATCC) by using TurboFect Transfection Reagent (Thermo Scientific). The culture medium of the cells was changed 24 hr after transfection, and medium containing the lentivirus was collected after 48 hr. Next, the cells were centrifuged, filtered, and transduced with the lentivirus in the presence of 5 μg/mL polybrene (Sigma). Culture supernatant was replaced with a complete culture medium after 12 hr, and stable cells were selected using puromycin for 1 week.

Cell Proliferation Assay {#sec4.6}
------------------------

2.0 × 10^3^ cells per well were seeded in 96-well culture plates. At the indicated time points, CCK-8 (Dojindo) was added to each well and incubated at 37°C for 1.5 hr. The absorbance values (optical density \[OD\] 450 nm) were measured using a spectrophotometer (Bio-Rad).

Colony Formation {#sec4.7}
----------------

2 × 10^3^ cells per well were seeded in the 6-well culture plates. After 14 days' culture, cells were fixed with 4% paraformaldehyde and stained with crystal violet.

Apoptosis Analysis {#sec4.8}
------------------

The apoptosis was detected by using Apoptosis Detection Kit (Dojindo) according to the manufacturer's instructions. The data were analyzed by Kaluza software.

Migration and Invasion Assay {#sec4.9}
----------------------------

1.0 × 10^5^ MHCC-97h or 5.0 × 10^4^ SMMC-7721 cells were suspended and seeded in serum-free DMEM in the upper chamber of a 24-well transwell migration (Corning) or invasion insert (BD Biosciences). The lower chamber was filled with DMEM containing 10% FBS. After 24 hr of incubation, the cells that had traversed the membrane were fixed in 4% paraformaldehyde and staining by crystal violet.

Animal Studies {#sec4.10}
--------------

A xenograft mouse model was developed using 5- to 6-week-old male BALB/c nude mice. Control and HCAL-knockdown SMMC-7721 cells were trypsinized and harvested in serum-free DMEM, and 0.1 mL serum-free DMEM containing 3 × 10^6^ cells was injected subcutaneously into the right flank of the nude mice. Tumors were detected after approximately 14 days, and tumor size was measured every 3 days. Tumor-bearing mice were killed 38 days after the injection, and tumors were removed for further analysis. All animal experiments were approved by the Animal Care and Use Committee of the Xiamen University. To detect pulmonary and hepatic metastasis, the tissues were fixed in 10% neutral formalin, embedded in paraffin, and cut into 3-μm-thick sections. H&E staining was performed using a standard protocol.

Luciferase Reporter Assay {#sec4.11}
-------------------------

Luciferase activity was determined using Dual-Luciferase Reporter Assay System (Promega), according to the manufacturer's instructions. In brief, transfected cells were lysed in culture dishes containing lysis buffer. Relative luciferase activity was determined using Varioskan Lux detection System (Thermo Scientific) and was normalized to *Renilla* luciferase activity at 48 hr after transfection.

RIP {#sec4.12}
---

For the RIP assays, SMMC-7721 cells were cotransfected with pcDNA-MS2 or pcDNA-HCAL-MS2 and pBobi-MS2-GFP. The RIP assay was performed after 48 hr using anti-GFP antibody (Abcam) and a Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, Bedford, MA), according to the manufacturer's instructions.

For performing RIP with anti-AGO2 antibody, SMMC-7721 cells were transfected with the pMIR vector expressing a negative control or miR-15a, miR-196a, miR-196b, miR-300, miR-155, or miR-135a (Vigenebio Company, Shandong, China). The RIP assay was performed after 48 hr using anti-AGO2 antibody (Millipore, Bedford, MA) as described above.

Statistical Analysis {#sec4.13}
--------------------

Statistical analysis was performed using SPSS 19.0 software. Data are expressed as mean ± standard deviation (SD). Comparison between two groups was performed using Student's t test. Pearson's correlation analysis was performed to determine the correlation between two variables. Survival curves were constructed using the Kaplan-Meier method and were compared using a log rank test. A p value of \< 0.05 was considered statistically significant. Other experimental procedures are described in the [Supplemental Materials and Methods](#mmc1){ref-type="supplementary-material"}.
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[^1]: Patients with HCC were divided into high- and low-HCAL groups based on median HCAL expression. AFP, alpha fetoprotein; PVTT, portal vein tumor thrombus.
